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Proteome dynamics during
postnatal mouse corpus callosum
development
Alexander I. Son1, Xiaoqin Fu1, Fumikazu Suto2, Judy S. Liu1,3, Kazue Hashimoto-Torii1,3,4 &
Masaaki Torii1,3,4
Formation of cortical connections requires the precise coordination of numerous discrete phases. This
is particularly significant with regard to the corpus callosum, whose development undergoes several
dynamic stages including the crossing of axon projections, elimination of exuberant projections, and
myelination of established tracts. To comprehensively characterize the molecular events in this dynamic
process, we set to determine the distinct temporal expression of proteins regulating the formation of
the corpus callosum and their respective developmental functions. Mass spectrometry-based proteomic
profiling was performed on early postnatal mouse corpus callosi, for which limited evidence has been
obtained previously, using stable isotope of labeled amino acids in mammals (SILAM). The analyzed
corpus callosi had distinct proteomic profiles depending on age, indicating rapid progression of specific
molecular events during this period. The proteomic profiles were then segregated into five separate
clusters, each with distinct trajectories relevant to their intended developmental functions. Our analysis
both confirms many previously-identified proteins in aspects of corpus callosum development, and
identifies new candidates in understudied areas of development including callosal axon refinement. We
present a valuable resource for identifying new proteins integral to corpus callosum development that
will provide new insights into the development and diseases afflicting this structure.
The efficient and accurate transmission of cortical signals requires the precise development and maintenance of
axon tracts bridging their appropriate locales. The largest collection of these tracts comprises the corpus callosum
(CC), a structure bridging the two cortical hemispheres and providing interhemispheric communication essential
for cognitive and associative processes1,2, as well as several higher-order sensory and motor functions3–8.
The CC is an intricate structure consisting of cortical axonal projections traversing both cortical hemispheres,
along with a complex population of glial cells (astrocytes, oligodendrocytes and microglia) integral to the development and maintenance of this structure. As such, development is an elaborate and multifaceted process requiring the precise regulation of several discrete events. Initial development occurs from the embryonic period, as
projections arising mainly from cortical layers II/III and V cross into the midline, traversing into their appropriately targeted regions of the contralateral hemisphere1. This initial axon pathfinding and targeting process is
followed by the refinement of CC projections, consisting of coordinated preservation and elimination of initially
overproduced, or “exuberant,” callosal axons9,10. This process mainly occurs during the early postnatal period
across species including rodents, felines, and primates11–15. The refinement period is partially overlapped and
followed by the maturation of glial cells, subsequently resulting in the formation of myelin sheaths around the
established callosal axons16.
CC malformation results in serious functional consequences whose effects are linked to abnormalities in
specific aspects of this development. Agenesis of the CC (AgCC), in which the structure is completely or partially absent, is associated with various disorders related to severe neurological and cognitive disabilities1,4,6,17.
Abnormalities in myelin sheath formation within the CC are associated with developmental leukodystrophies
such as Alexander disease, Pelizaeus-Merzbacher disease, and various neurometabolic disorders18. More subtle
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Figure 1. Schematic overview of SILAM. CC tissue of each postnatal age was processed to obtain protein
extract. The extract was then mixed at a 1:1 ratio with that similarly obtained from the cerebral cortex of
“heavy” 13C-lysine-labeled adult C57BL/6 (13C-lysine-C57BL/6-SILAC) mice, which serves as the quantitative
reference to be compared. The SILAC ratios (heavy/light ratios of peak intensities in the mass spectrum for each
peptide of interest) in individual samples reflect the relative protein abundance. The SILAC ratios were log 2
transformed and used for analyses.

anatomical and physiological deficits of this structure have also been commonly reported in several neurodevelopmental disorders17,19–27, including autism spectrum disorder28–30 and schizophrenia20,23,31. As such, clarifying the mechanisms underlying CC development is critical in understanding and addressing these various
syndromes.
To date, molecular mechanisms for certain aspects of callosal development have been identified; in particular,
factors regulating the early initial axon guidance and much later myelination phases have been well-studied.
However, a large chasm of knowledge remains in properly identifying underpinning molecular factors between
these two set periods, especially in more subtle aspects of CC development such as that of axon refinement, a
process which has been described in several mammalian systems but whose mechanisms remain unknown32–37.
Filling this gap requires the identification and characterization of CC molecular profiles during these dynamic
periods of development.
To characterize the dynamics of molecular profiles of developing CC, we have employed quantitative mass
spectrometry-based proteomic profiling of the postnatal mouse CC using the stable isotope labeling in mammals (SILAM) strategy. This database represents a new resource for better understanding both the normal and
pathological development of the CC, in particular for its largely unknown refinement process. We demonstrate its
value by identifying several protein clusters with unique developmental trajectories, and previously unrecognized
protein functional groups potentially involved in CC development during this critical period.

Results

Changes of the CC proteome during postnatal development.

We were interested in identifying changes in the proteome of the mouse CC during early postnatal development, focusing especially on the
largely understudied period between post midline-crossing of callosal axons and myelination. CC tissue was
dissected and collected from CD1 mice at 4 time points [postnatal day 3 (P3), P7, P10, and P15] and was analyzed via quantitative mass spectrometry-based proteomic profiling using the stable isotope labeling of mammals
(SILAM) approach (Fig. 1). From analysis with 3 different biological replicates, we identified 2,039 unique proteins (Supplementary Table 1). Density plots of the log2 transformed SILAC ratio showed similar distributions
across the samples (Supplementary Fig. 1), confirming the quality of the data.
Protein expression profiles depicted via heatmap showed similar expression profiles among the biological
replicates of the same age, while displaying differential profiles between tissue samples of different ages (Fig. 2a).
Pearson’s correlation coefficients between biological replicates of the same age were over 0.90, demonstrating
excellent technical and biological reproducibility of our proteome analysis (Fig. 2b). Between different ages,
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Figure 2. Correlations between samples. (a) Protein expression profiles depicted in a heatmap of the log2
transformed SILAC ratio, showing similar expression profiles among the biological replicates of the same
age, while differential profiles between tissue samples of different ages. The profiles of P7 and P10 show
higher similarities with each other comparing to the profiles of other ages. (b) Pair-wise Pearson’s correlation
coefficients between the proteomes of samples. The coefficients (values shown for each pair) between biological
replicates of the same age are high, while the coefficients between those of different ages are lower, except
between P7 and P10, which show high correlations. (c) PCAs of the proteomes of samples. P7 and P10 CC
samples clustered closely, whereas P3 and P15 CC samples form more isolated clusters.

correlations were lower, with the correlation coefficients from 0.67 to 0.89; the exception was between P7 and
P10, which showed high correlations with the correlation coefficient of over 0.94 (Fig. 2b). This relatively high
similarity between P7 and P10 is also observed in the heatmap (Fig. 2a).
To further assess similarities and differences between samples, we performed principal component analysis
(PCA). The expression profiles of P7 and P10 CC samples clustered closely, whereas P3 and P15 CC samples clustered alone (Fig. 2c), suggesting that the CC at P7 and P10 are molecularly more similar to each other and distinct
from the CC at P3 and P15. These results demonstrate that the proteomic profile of the CC generally differ across
time, but remains relatively stable during the period between P7 and P10.

Temporal dynamics of protein expression in the postnatal mouse CC. After excluding proteins
for which the expression data for any of the 4 time points were unavailable, we performed k-means clustering of
time-course profiles of these 1,658 proteins. We then classified the resulting profiles into 5 distinct clusters with
the use of the R package cclust38 to determine the optimal number of clusters (Supplementary Table 2). These
clusters contain 439 (cluster A), 316 (cluster B), 206 (cluster C), 440 (cluster D) and 257 (cluster E) proteins,
respectively, with each cluster showing a unique developmental trajectory of expression (Fig. 3a).
To validate the robustness of our SILAM-based proteomics and time-course protein profiling, we performed
immunohistochemistry for several representative proteins expressed in neuronal and/or glial cells: L1cam (cluster A), PlxnA1 (cluster B), Lsamp (cluster C), Camk2 (cluster D), MBP and Nefm (cluster E) at P4, P7, P10 and
P15. The labeling pattern of these proteins showed specific temporal patterns in the CC (Fig. 4) consistent with
the clusters they belong (Fig. 3b), confirming the validity of our temporal profiling of SILAC-based quantitative
proteome. This provides a solid foundation for further characterization of CC development using the obtained
time-course profiles.
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Figure 3. Clustering of proteins expressed in the postnatal CC. (a) Developmental trajectories of 5 clusters
of proteins with different temporal dynamics of expression in the postnatal CC. The middle and upper/lower
line in each graph represent the centroid (mean level of log2 transformed SILAC ratios) for each cluster and
the standard deviation. (b) Developmental trajectories of representative proteins in each clusters. The centroid
graphs show mean expression levels of proteins. Error bars represent the standard deviation.

Protein functions relevant to unique developmental trajectories.

The proteins in each of the clusters have distinct and unique developmental trajectories, indicating noticeable features of the developing CC at
distinct postnatal ages. Cluster A, which consists of proteins whose expression decrease from the highest at P3,
includes many proteins involved in axon growth and guidance, such as Cntn2, ChL1, Gap43, L1cam, and Neo139,40
(Fig. 3b), consistent with the growth of callosal axons from layers II-III through the CC during the early postnatal
period41,42. In contrast, cluster E, which consists of proteins whose expression strongly increase between P10 and
P15, includes the astrocyte marker GFAP; late neuronal markers Thy1, Nefm and Nefl; and myelin markers MAB
and Plp1, consistent with the roles of these proteins in axonal/glial maturation and myelination of the CC.
Comparing to clusters A and E, which show overall expression changes in proportion to the progress of CC
development, clusters B, C, and D show unique patterns of temporal changes at P7 and/or P10 (Fig. 3b), suggesting unique roles of proteins in these clusters in CC development. Cluster B shows temporal increase in expression
during P7 through P10. In this cluster, we found Gsk3b, which is involved in cellular division, proliferation,
motility and survival, as well as axon guidance and degeneration43,44. We have also identified PlxnA1 and PlxnA4,
members of plexin family molecules that have been shown to play roles in neurite pruning in other systems34.
Cluster C, on the other hand, shows temporally low expression during P7 to P10. In this cluster, we had identified
Lsamp and Bclaf1. Lsamp is involved in axon growth45 and also serves as a negative regulator of myelination46,
while Bclaf1 binds to bcl-related proteins, and induce apoptosis and autophagy47,48. These proteins may play
important roles in the developmental refinement of the CC9,10.
Cluster D includes proteins whose expression show strong increase between P3 and P7, and maintained
afterwards. In this cluster, we found Camk2a, b, and d, isoforms of Camk2 that play roles in growth and guidance of postcrossing callosal axons49; and the adducin proteins (Add1 and 3), which are known to regulate actin
cytoskeleton and be involved in axon diameter maintenance50,51. Thus the molecules that play specific roles in
post-crossing of callosal axons, particularly their maturation and maintenance, are likely enriched in this cluster.
We also examined whether proteins associated with human ACC are included in these clusters. We referred
the ACC-associated genes in a recent comprehensive review of clinical and genetic findings on CC development
syndromes by Edwards et al.16. Several ACC-associated genes were identified in each cluster with the exception
of cluster C (in which, coincidentally, the least number of proteins were included) (Table 1), suggesting that
ACC-associated proteins play important roles in various distinct phases in CC development.
To assess the value of these molecular profiles to decipher novel players controlling the CC development
such as largely unknown process of CC refinement, we performed a brief functional assay on the potential role
of one of the identified proteins, PlxnA1, in CC development. We chose to look at PlxnA1 as it has been previously identified as a schizophrenia susceptibility gene52–54, a disorder which has extensively been associated
Scientific Reports | 7:45359 | DOI: 10.1038/srep45359
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Figure 4. Temporal expression patterns of identified proteins in each cluster in the postnatal CC.
Immunohistochemistry for representative proteins with unique temporal dynamics of expression in the
postnatal CC (demarcated with broken lines). The expression of L1cam in the CC decreases from P4 through
P15, while PlxnA1 shows its peak at P7. The expression of Lsamp in the CC decreases between P4 and P7, but
then is increases by P15. The expression of Camk2 is low at P4, but then increases and by P7 and is maintained
in later stages. The expression of NefM and MAB in the CC increases as the structure matures from P4 through
P15. df: dorsal fornix.
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Table 1. List of genes associated with human ACC for the proteins in each cluster. List of genes associated
with human ACC for proteins identified in each of the 5 clusters. No genes were found in the smallest cluster C.

with malformations of the CC6,55–57. In addition, a recent study has shown that polymorphisms in PlxnA genes
including PlxnA1 mediate the developmental trajectory of human corpus callosum microstructure58. This was
accomplished by utilizing in utero electroporation at E15.5 to transfer plasmids for knocking down or overexpressing PlxnA1 in callosal projection neurons in layers II/III. Plasmids that were electroporated include a short
hairpin RNA (shRNA) of PlxnA159 (PlxnA1 knockdown), cDNA of mouse full-length PlxnA160 (PlxnA1 overexpression), and their corresponding control constructs. These constructs were co-electroporated with a Green
Fluorescent Protein (GFP)-expression plasmid to visualize transfected neurons and their callosal projections.
Observations at P15 revealed that brains which received PlxnA1 shRNA appeared to contain more GFP-labeled
axons within the CC comparing to control-electroporated brains with similar number of electroporated neurons
in layers II/III (n = 5 each). Conversely, brains which received PlxnA1 overexpression appeared to contain much
less GFP-labeled axons within the CC compared to the control (n = 4 each) (Fig. 5). We did not observe any obvious abnormal targets within these brains. These results suggest that PlxnA1 may play a critical role for adjusting
axonal numbers to be formed or maintained in CC development (e.g. through a mechanisms such as neurite
pruning reported in other systems34). Although further studies, including quantitative analysis, are essential to
define the role of PlxnA1 in CC development, these data demonstrate a functional method of identifying the
physical functions of the proteins identified within our screen.
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Figure 5. In vivo functional analysis of PlxnA1 via in utero electroporation. Wild-type mouse brains
electroporated at E15.5 and visualized at P15. PlxnA1 knockdown reveals more crossed callosal axons compared
to the Control (control shRNA), while PlxnA1 overexpression shows a visible reduction (see arrows) [controls
for overexpression (electroporation with an empty vector; data not shown) show the same results as the shRNA
controls]. Cortical neuron migration and axon pathfinding appear grossly unaltered by PlxnA1 manipulation.

Figure 6. Common and unique GO terms between clusters. The enriched GO terms (EASE Score <0.05)
were examined for common and unique terms using Venn diagram.

Functional annotations enriched in association with unique developmental trajectories.

To
determine the biological context behind each clusters in an unbiased manner, we next employed functional annotation analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID)61, which
provides the ranking of gene ontology (GO) annotations enriched in each cluster (Supplementary Table 3, with
Enrichment Score). Multiple comparisons of the enriched GO terms obtained for proteins in each cluster [EASE
Score (a modified Fisher Exact P-Value)62 cut off of 0.05] (Fig. 6, Supplementary Table 4) showed only 14 common GO terms between all clusters out of 1,407 overall number of unique elements. In contrast, significant numbers of GO terms were uniquely specified to one cluster only: 248, 192, 108, 311 and 149 terms were uniquely
specified to clusters A through E, respectively (Fig. 6), validating that each individual cluster associated with a
unique developmental trajectory pattern consists of proteins with specific functional/molecular characteristics.
Relatively higher similarities were found between clusters B and D, and between clusters C and E: 174 GO terms
overlap between clusters B (41.5% of 419 terms) and D (28.6% of 608 terms), and 91 GO terms overlap between
clusters C (41.0% of 222 terms) and E (26.1% of 349 terms).
The obtained annotations were further processed for functional annotation clustering using DAVID to group
similar annotations together (Supplementary Table 5). In cluster A, proteins associated with the GO annotations
“proteasome/protease/peptidase” (e.g., specific proteasome subunit: Psma1-7 and Psmb1-7) were highly enriched
and showed very similar expression trajectories (Fig. 7), indicating rapid turnover of proteins during this period.
In this cluster, we also found that proteins associated with “axon/neuronal projection,” “microtubule cytoskeleton,” and “intracellular protein transport” were highly enriched, consistent with extensive/continuous axonal
growth and guidance during the early postnatal period.
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Figure 7. Developmental trajectories of unique groups of proteins enriched in specific clusters.
Developmental trajectories of proteasome subunits (Psma1-7 and Psmb1-7), Tcp1 and chaperonin containing
Tcp1 subunits (Cct2-8 and Tcp1), heterogeneous nuclear ribonucleoproteins (Hnrnp proteins) and
NADH:ubiquinone oxidoreductase subunits (Ndufa, Ndufb, Ndufs and Ndufv) depicted by centroid graphs,
showing unique patterns of temporal dynamics that are highly conserved within each protein group.

In cluster B, strong enrichment of proteins associated with “chaperonin/chaperon” and “protein folding” (e.g.,
Tcp1 and chaperonin containing Tcp1 subunit: Cct2-8 and Tcp1) was observed (Fig. 7). Those associated with
“nucleotide-binding” were also observed, suggesting the critical role of molecular chaperons in correct folding of
proteins during specific period during P7 through P10.
In cluster C, an enrichment of proteins associated with “RNA splicing/processing” (e.g., heterogeneous
nuclear ribonucleoproteins: Hnrnp proteins) was observed (Fig. 7), indicating temporal and transient decrease of
these post-transcriptional processing processes in axons and glial cells in the CC around P7 through P10.
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In cluster D, enrichments of proteins associated with “nucleotide-binding”, “mitochondrion” and “translation” were observed, again suggesting increasing energy requirement and translation during axonal and glial
maturation.
In cluster E, we found very strong enrichment of proteins associated with “mitochondrial membrane” and
“respiratory chain/electron transport chain” [e.g., NADH:ubiquinone oxidoreductase subunit (also called NADH
dehydrogenase (ubiquinone) subunit): Ndufa, Ndufb, Ndufs and Ndufv] proteins, with very similar expression
trajectories (Fig. 7), suggesting increase in energy requirement in association with neuronal and glial maturation.
Proteins associated with “ribosomal protein” were also enriched, suggesting an increased requirement of translational machinery locally in maturing axons and/or in maturing glial cells within CC.

Discussion

Here, we profiled the proteome of the postnatal mouse CC by SILAM-mediated quantitative mass spectrometry
across multiple time points. This strategy is of particular strength in performing such a developmental screen
in this cortical structure; while other high-throughput transcriptome-profiling technologies address transcriptional events involved in the development of various brain structures, they are not best suited for addressing gene
expression in callosal axons for which neuronal cell bodies sit in the cortex. Our analysis revealed that among the
four time points that we had observed, the CC proteomes are substantially different between three distinct stages:
an early phase (reflected at P3), an intermediate phase (reflected by similar proteome profiles at P7 and P10),
and a later phase (reflected at P15) (Fig. 2). One possibility for this segregation is that this may be a reflection of
the progression of major neurodevelopmental processes in the CC. For example, the crossing of callosal axons
from layers II/III occurs around P3, while myelination begins around P1041,42,63. Future work will be required to
confirm whether the component proteins observed at these phases are stable as a result of balanced and discrete
neurodevelopmental processes, or are reflective of other aspects of corpus callosum development.
Clustering analysis of time-course profiles using our database categorized the proteins with their unique
developmental trajectories relevant to their functions into distinct clusters (Fig. 3). Many proteins with specific
roles in axon growth and guidance were included in the cluster that shows highest expression at P3 (cluster A),
while proteins involved in axonal/glial maturation and myelination were included in the cluster that shows strong
expression increase after P10 (cluster E). The clustering analysis also revealed that many proteins show unique
temporal changes in their expression during the period between P7 and P10 (clusters B, C and D). Of note, these
proteins include those with functions in cell death or survival, autophagy, axon structure maintenance, neurite
pruning and degeneration, and myelination. The results suggest that this specific period is a critical transitional
phase for the CC from its initial growing phase to its maturation and maintenance phase through extensive refinement, which includes coordinated axon preservation and elimination, and contribution of glial cells9,10.
One consideration we have not made for this study has been gender differences of the corpus callosum, as
both male and female corpus callosi were utilized for our proteomics screen at each of the time points. Previous
literature has identified effects of sexual dimorphism on the white matter64. Future studies segregating male and
female corpus callosi may prove to be informative in deciphering these differences.
An important consideration of this data is the timing of callosal axon populations, as midline crossing of
deeper cortical layer axons (projections from mostly layer V) occurs embryonically while that of upper cortical layer axons (projections from layers II/III and the major population of callosal axons) occur at P2-341,42,65.
Myelination of the corpus callosum begins at approximately P1063, although whether this event occurs sequentially based on specific axonal populations or occurs concurrently remains unclear. Based on these known events
and our own timed proteome data, we may be able to infer some insight as to which layered cortical projections are expressing these proteins at specific temporal windows. For instance, axon growth and guidance related
proteins that are observed at P3 likely reflect predominantly axonal projections from cortical layer II/III, while
myelination-related proteins observed at P15 are likely reflecting expression in both layers II/III and V. For proteins regulating axons elimination and maintenance during CC refinement, modification of layer V projections
may be occurring earlier than those for layers II/III. This raises the possibility that axon refinement proteins
identified at P3 may be reflective of layer V projections while those identified at P7 and/or P10 may reflect layer
II/III projections. Future studies deciphering proteome expression for specific projections of precise cortical layers over distinct temporal time points may provide powerful insight into the developmental changes undergoing
these individual layers.
This data set can be utilized for analyzing the temporal expressions of proteins linked to neuropsychiatric
disorders associated with CC abnormalities, potentially identifying key impacts of these proteins during their
expression during CC development. Our initial analysis has identified several ACC-associated genes in each
cluster (Table 1), which is important given that deficiencies in their stage-specific functions may cause specific
defects in the CC, thereby contributing to unique disorders with CC abnormalities66,67. Known diseases caused by
mutations in the identified genes include: L1 syndrome by mutation in L1cam68,69, Warburg micro syndrome by
mutations in Rab1870, and Miller-Dieker syndrome by deletion of Ywhae71,72 (cluster A); Malan syndrome (Sotos
syndrome 2) and Marshall-Smith syndrome by Nfix haploinsufficiency73–76, and FG syndrome by mutation in
Flna77,78 (cluster B); Fumarase deficiency by mutations in FH79–81 (cluster D); Pyrvate dehydrogenase deficiency
by mutations in pdha1 or pdhb82 (cluster E). In addition, other identified genes associated with disorders affecting the CC have been identified, such as PlxnA1 and its link with schizophrenia52–54. Many of these diseases are
uniquely associated with mental retardation, cognitive impairment and intellectual disability.
Following functional annotation analysis using the DAVID further underlines the importance of our datasets
in identifying biological processes and proteins associated with unique mechanisms in CC development. We
identified many functional groups with specific GO annotations highly enriched in each cluster. In addition
to identifying the enrichment of GO annotations “axon/neuronal projection,” “microtubule cytoskeleton,” and
“intracellular protein transport” in cluster A (as expected, given that axon growth/guidance occurs first in CC
Scientific Reports | 7:45359 | DOI: 10.1038/srep45359
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development), we have also identified new functional groups enriched in other clusters. For example, we found
enrichment of chaperonin containing Tcp1 subunits (Cct2-8, and Tcp1) in cluster B, which shows a unique pattern of high expression at P7 and P10 (Fig. 3). It has been shown that the most abundant clients of Cct are the
actin and tubulin families of cytoskeletal proteins83–85 suggesting that proper folding of actin and tubulin molecules are highly essential during this specific period.
Cluster C, which shows a pattern of temporal/transient low expression during P7-P10, showed strong enrichment of heterogeneous nuclear ribonucleoproteins, Hnrnp proteins (Fig. 7). Mutations and functional abnormalities of Hnrnps are linked to neurodegenerative disorders including amyotrophic lateral sclerosis (ALS)86–89 which
is associated with the CC degeneration90,91. Reduced expression of these proteins may be a part of the mechanism
to eliminate exuberant callosal axons via developmental degeneration machinery for CC refinement.
Strong enrichment of NADH:ubiquinone oxidoreductase (respiratory complex I) subunits, Ndufa, Ndufb,
Ndufs and Ndufv was observed in cluster E, which shows an expression pattern of significant increase after P10
(Fig. 7). These proteins are associated with GO annotations “Parkinson’s disease,” “Huntington’s disease,” and
“Alzheimer’s disease,” as dysfunctions of respiratory complex I are linked to an increasing number of neuromuscular and neurodegenerative diseases, as well as to oxidative stress and ageing92. Corpus callosal atrophy or shape
changes has been reported in premanifest and early Huntington’s disease and Alzheimer’s disease93–96. As such,
dysfunction of these proteins may critically contribute to the degeneration of the CC in these neurodegenerative
disorders.
Collectively, the data from this study is a valuable resource for understanding the CC development. In particular, our dataset may be used to distinguish previously unidentified proteins important for distinct aspects of CC
development and maintenance, including proteins regulating the largely underexplored period of CC refinement.
This will also help to decipher molecular disturbances in genetically and environmentally induced neuropsychiatric disorders associated with CC abnormalities.

Methods

Animal handling.

All animals were handled according to protocols approved by the Institutional Animal
Care and Use Committees of the Children’s National Medical Center and National Institute of Neuroscience,
National Center of Neurology and Psychiatry. All methods were performed in accordance with the relevant
guidelines and regulations. Embryonic day 0.5 (E0.5) and postnatal day 0 (P0) were designated as noon of the day
on which the presence of a vaginal plug was observed and the day of birth, respectively.

Generation of 13C-lysine-C57BL/6-SILAC mice.

The generation of 13C-lysine-C57BL/6-SILAC (stable
isotope labeling with amino acids) mice has been previously described97–99. Briefly, pregnant female mice were
fed mouse feed containing 13C-lysine (99%; Cambridge Isotope Laboratories; Andover, MA) continuously until
the F2 generation litters were born. Cortical brain tissue from male and female F2-generation labeled mice was
collected.

Tissue collection and sample processing.

For collection of corpus callosi tissue, untreated CD1 mouse
(Charles River, Wilmington, MA) brains at postnatal ages 3 (P3), P7, P10, and P15 (1 male, 2 females at each
stage) were dissected from the skull and placed dorsal surface down on a nitrocellulose membrane. Coronal brain
sections were cut at 1 mm intervals with a Mcllwain Tissue Chopper. Corpus callosi were isolated from these
sections, individually flash frozen, and stored at −80 °C until mass spectrometry tissue processing. For collection
of 13C-lysine-C57BL/6-SILAC cortex, adult treated mouse brains were removed from the skull. Mouse cortices
were removed, and tissue was subsequently flash frozen and stored at −80 °C until mass spectrometry tissue
processing.
Fast-frozen CD1 corpus callosi and 13C-lysine-C57BL/6-SILAC cortex was processed in lysis buffer (20 mM
Tris-Cl, 1% Triton X-100, 150 mM NaCl, 10% glycerol, 5 mM Ethylenediaminetetraacetic (EDTA), 1x proteinase
and phosphatase inhibitor cocktail (Roche, Basel, Switzerland) on ice for 30 min, followed by centrifugation at
13,000 rpm for 15 min at 4 °C, after which the supernatant of lysates were collected.
Aliquots of protein extracts from the respective CD1 corpus callosi were mixed with labeled adult C57BL/6
cortex at a 1:1 ratio (30 µg each), and detergent was subsequently removed using Pierce Detergent Removal Spin
Columns (Thermo Fischer Scientific, Waltham, MA) as per the manufacturer’s instructions. Protein samples were
then digested using the SMART digest system (Thermo Fischer Scientific) and were incubated at 70 °C at 1400
RPM for 2 hours. Samples were separated into 8 different fractions using the Pierce High pH Reversed-Phase
Peptide Fractionation kit (Thermo Fisher Scientific) as per the manufacturer’s instructions, and subsequent protein samples were subject to mass spectrometry analysis.

Mass Spectrometry.

The mass spectrometry (MS) procedure has been described previously. Fractionated
peptides were injected via an autosampler (6 μl) and loaded onto a Symmetry C18 trap column (5 μm, 300 μ
m inner diameter × 23 mm; Waters, Milford, MA) for 10 min at a flow rate of 10 μl/min with 0.1% formic acid.
Samples were subsequently separated with a C18 reversed-phase column (3.5 μm, 75 μm × 15 cm, LC Packings,
Sunnyvale, CA) at a flow rate of 250 nl/min with a Nano-HPLC system (Eksigent, Dublin, CA). The mobile
phases consisted of water with 0.1% formic acid and 90% acetonitrile. A 65-min linear gradient from 5% to
40% acetonitrile was employed. The eluted peptides were then introduced into the mass spectrometer via a
20-mm-inner-diameter, 10- μm silica tip (New Objective) adapted to a nanoelectrospray source (Thermo Fisher
Scientific). Spray voltage was set at 1.4 kV, and the heated capillary was set at 200 °C. The LTQ-Orbitrap-XL
(Thermo Fisher Scientific) was operated in a data-dependent mode with dynamic exclusion, in which one cycle
of experiments consisted of a full mass spectrometry in the Orbitrap (300–2000 m/z) survey scan at resolution
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of 30,000. Five subsequent tandem mass spectrometry (MS/MS) scans in the linear trap quadrupole of the most
intense peaks in centroid mode using collision-induced dissociation with the collision gas (helium) and normalized collision energy value was set at 35%.

Data processing. Mass spectral data was uploaded in to the IP2 software (version 1.01), which was then used

to identify and quantify proteins. Mass spectral files were searched against the UniProt mouse database (UniProt
release-2010_11; 16,333 entries) and indexed (fully tryptic, 300–4000 mass range, and two missed cleavages and
for potential modification of oxidized methionine (15.99492 Da) and heavy Lys (6.020 Da) using the SEQUEST
algorithm in the BioWorks software package (version 3.1, Thermo Finnigan, San Jose, CA). Mass tolerances were
set at an error of 50 ppm for MS and 1 Da error for MS/MS). Data were filtered by setting the protein false discovery rate at less than 1%, and proteins identified by at least two unique peptides were retained for subsequent
analysis. The IP2 platform equipped with Census software (version 1.77) was utilized to determine the ratios of
unlabeled-to-labeled peptides using an extracted chromatogram approach. Quantitative data were filtered based
on a determinant value of 0.5 and an outlier p value of 0.1.

Bioinformatics analyses. To confirm the quality of our data, density plots of protein expression values
(log2 transformed SILAC ratios) were generated by MeV software100. The relationships between samples were
assessed by generating a heatmap and performing principal component analysis (PCA) for protein expression
values using Partek Genomics Suite software. Pairwise Pearson’s correlation coefficients were calculated on the
expression values (log2 transformed SILAC ratios) and visualized using an R package ggcorr.
For k-means clustering, the expression values (log2 transformed SILAC ratios) were applied to an R package
cclust38 to determine the optimal number of clusters. K-means clustering was then performed using MeV.
Functional annotation analysis and annotation clustering was performed for each protein cluster using The
Database for Annotation, Visualization and Integrated Discovery (DAVID). Databases used were Gene Ontology
Biological Process (GO-BP), Molecular Function (GO-MF), Cellular Compartment (GO-CC), Interpro, KEGG,
Smart, PIR Superfamily, Swiss Prot PIR keywords, Up Seq Feature, BioCarta and NCBI’s COG database. The
enriched GO terms (p < 0.05) were examined for common and unique terms, and visualized with Venn diagram
using an online tool at the Bioinformatics & Evolutionary Genomics website (http://bioinformatics.psb.ugent.be/
cgi-bin/liste/Venn/calculate_venn.htpl).
Immunohistochemistry. Brains were fixed with 2–4% paraformaldehyde in phosphate buffered saline
for 3 hours to overnight. 70 μm thick coronal vibratome slices or 12–16 μm coronal cryosections were collected.
Immunohistochemistry was performed as described previously (n > 5 brains per antibody)101–103. The following
primary antibodies were used; mouse monoclonal anti-CaMKII (1:50; Santa Cruz Biotechnology, Dallas, TX),
anti-MBP (1:500; Abcam, Cambridge, MA) and anti-Neuroflament-165 kDa (1:500; DSHB, Iowa City, IA), rat
monoclonal anti-L1 (1:1000; EMD Millipore, Billerica, MA) and anti-Lsamp (1: 500; DSHB), and rabbit polyclonal anti-PlxnA1 (1:200; see below) antibodies.
The rabbit serum antibody against mouse PlxnA1 was produced by subcutaneous injection of the recombinant proteins for the sema domain of PlxnA1 (aa:23–595) fused with human IgG-Fc domain and 6xHis-tag
(PlxnA1SD-Fc-His6; 200 μg/400 μl for each shot), 5 times at 2-weeks intervals. The antibody was affinity purified
with the recombinant proteins conjugated to Affi-Gel 10 (BioRad). The specificity of the antibody was confirmed
by immunohistochemistry with the brain sections of E16.5 PlxnA1 wild-type and knockout mice (Fig. S2).
The slices and sections were nuclear counterstained with TO-PRO3 or DAPI (Molecular Probes, Eugene, OR)
and photographed with a LSM510 (Carl Zeiss, Oberkochen, Germany) or BZ-X710 (KEYENCE, Osaka, Japan).
In utero electroporation.

Following constructs were used: PlxnA1 shRNA and control (encoding PlxnA1
shRNA with a single-base mutation) plasmids59 (5 μg/μl), PlxnA1 overexpression and control (an empty vector)
plasmids60 (2 μg/μl) and pCAG-GFP101,102 (1 μg /μl). E15.5 pregnant CD-1 mice were anesthetized with ketamine/
xylazine (100/10 mg/kg), after which the uterine horns were exposed. DNA was injected via a pulled glass pipette
into the lateral ventricles of the targeted embryo, after which electrodes were placed onto both sides of the head
parallel to the sagittal plane. An electrical current (five 50 ms pulses of 40 V at 950 ms intervals) was then passed
to drive DNA into the parietal cortical areas using an ECM 830 Square Wave Electroporator (Harvard Apparatus,
Holliston, MA). After electorporation, the uterine horns were returned and the mouse was allowed to recover and
give birth normally. Animals positive for GFP expression in the parietal cortical areas at the similar levels were
sacrificed at P15, and fixed brains were sectioned into 70 μm vibratome slices. Slices were nuclear counterstained
with DAPI and imaged with a BX-61 microscope (Olympus, Tokyo, Japan).

Data deposition. The mass spectrometry proteomics data have been deposited in ProteomeXchange
Consortium via PRIDE104 partner repository with the dataset identifier PXD005271.

References

1. Paul, L. K. et al. Agenesis of the corpus callosum: genetic, developmental and functional aspects of connectivity. Nat Rev Neurosci
8, 287–299 (2007).
2. Paul, L. K. Developmental malformation of the corpus callosum: a review of typical callosal development and examples of
developmental disorders with callosal involvement. Journal of neurodevelopmental disorders 3, 3–27, doi: 10.1007/s11689-0109059-y (2011).
3. Bury, S. D. & Jones, T. A. Unilateral sensorimotor cortex lesions in adult rats facilitate motor skill learning with the “unaffected”
forelimb and training-induced dendritic structural plasticity in the motor cortex. J Neurosci 22, 8597–8606 (2002).

Scientific Reports | 7:45359 | DOI: 10.1038/srep45359

10

www.nature.com/scientificreports/
4. Hampel, H. et al. In vivo imaging of region and cell type specific neocortical neurodegeneration in Alzheimer’s disease. Perspectives
of MRI derived corpus callosum measurement for mapping disease progression and effects of therapy. Evidence from studies with
MRI, EEG and PET. J Neural Transm 109, 837–855 (2002).
5. Hasegawa, I., Fukushima, T., Ihara, T. & Miyashita, Y. Callosal window between prefrontal cortices: cognitive interaction to retrieve
long-term memory. Science 281, 814–818 (1998).
6. Innocenti, G. M., Ansermet, F. & Parnas, J. Schizophrenia, neurodevelopment and corpus callosum. Molecular psychiatry 8,
261–274, doi: 10.1038/sj.mp.4001205 (2003).
7. Larson, E. B., Burnison, D. S. & Brown, W. S. Callosal function in multiple sclerosis: bimanual motor coordination. Cortex 38,
201–214 (2002).
8. Shevtsova, N. & Reggia, J. A. Effects of callosal lesions in a model of letter perception. Cogn Affect Behav Neurosci 2, 37–51 (2002).
9. Berbel, P. & Innocenti, G. M. The development of the corpus callosum in cats: a light- and electron-microscopic study. J Comp
Neurol 276, 132–156 (1988).
10. LaMantia, A. S. & Rakic, P. Axon overproduction and elimination in the corpus callosum of the developing rhesus monkey. J
Neurosci 10, 2156–2175 (1990).
11. Innocenti, G. M. Growth and reshaping of axons in the establishment of visual callosal connections. Science 212, 824–827 (1981).
12. Innocenti, G. M. & Price, D. J. Exuberance in the development of cortical networks. Nat Rev Neurosci 6, 955–965, doi: 10.1038/
nrn1790 (2005).
13. Lamantia, A. S. & Rakic, P. Cytological and quantitative characteristics of four cerebral commissures in the rhesus monkey. J Comp
Neurol 291, 520–537, doi: 10.1002/cne.902910404 (1990).
14. Norris, C. R. & Kalil, K. Development of callosal connections in the sensorimotor cortex of the hamster. J Comp Neurol 326,
121–132, doi: 10.1002/cne.903260111 (1992).
15. O’Leary, D. D., Stanfield, B. B. & Cowan, W. M. Evidence that the early postnatal restriction of the cells of origin of the callosal
projection is due to the elimination of axonal collaterals rather than to the death of neurons. Brain Res 227, 607–617 (1981).
16. Edwards, T. J., Sherr, E. H., Barkovich, A. J. & Richards, L. J. Clinical, genetic and imaging findings identify new causes for corpus
callosum development syndromes. Brain 137, 1579–1613, doi: 10.1093/brain/awt358 (2014).
17. Doherty, D., Tu, S., Schilmoeller, K. & Schilmoeller, G. Health-related issues in individuals with agenesis of the corpus callosum.
Child Care Health Dev 32, 333–342 (2006).
18. Krupa, K. & Bekiesinska-Figatowska, M. Congenital and acquired abnormalities of the corpus callosum: a pictorial essay. Biomed
Res Int 2013, 265619, doi: 10.1155/2013/265619 (2013).
19. Aalto, S. et al. Neuroanatomical substrata of amusement and sadness: a PET activation study using film stimuli. Neuroreport 13,
67–73 (2002).
20. Chinnasamy, D., Rudd, R. & Velakoulis, D. A case of schizophrenia with complete agenesis of the corpus callosum. Australas
Psychiatry 14, 327–330 (2006).
21. Hardan, A. Y. et al. Corpus callosum volume in children with autism. Psychiatry research 174, 57–61, doi: 10.1016/j.
pscychresns.2009.03.005 (2009).
22. Meyer, J. et al. Rare variants of the gene encoding the potassium chloride co-transporter 3 are associated with bipolar disorder. Int
J Neuropsychopharmacol 8, 495–504 (2005).
23. Motomura, N., Satani, S. & Inaba, M. Monozygotic twin cases of the agenesis of the corpus callosum with schizophrenic disorder.
Psychiatry Clin Neurosci 56, 199–202 (2002).
24. Plessen, K. J. et al. Reduced white matter connectivity in the corpus callosum of children with Tourette syndrome. J Child Psychol
Psychiatry 47, 1013–1022 (2006).
25. Roessner, V., Banaschewski, T., Uebel, H., Becker, A. & Rothenberger, A. Neuronal network models of ADHD–lateralization with
respect to interhemispheric connectivity reconsidered. Eur Child Adolesc Psychiatry 13 Suppl 1, I71–79 (2004).
26. Seidman, L. J., Valera, E. M. & Makris, N. Structural brain imaging of attention-deficit/hyperactivity disorder. Biol Psychiatry 57,
1263–1272 (2005).
27. Vidal, C. N. et al. Mapping corpus callosum deficits in autism: an index of aberrant cortical connectivity. Biol Psychiatry 60,
218–225 (2006).
28. Lewis, J. D. et al. Callosal fiber length and interhemispheric connectivity in adults with autism: brain overgrowth and
underconnectivity. Human brain mapping 34, 1685–1695, doi: 10.1002/hbm.22018 (2013).
29. Stanfield, A. C. et al. Towards a neuroanatomy of autism: a systematic review and meta-analysis of structural magnetic resonance
imaging studies. European psychiatry: the journal of the Association of European Psychiatrists 23, 289–299, doi: 10.1016/j.
eurpsy.2007.05.006 (2008).
30. Travers, B. G. et al. Diffusion tensor imaging in autism spectrum disorder: a review. Autism research: official journal of the
International Society for Autism Research 5, 289–313, doi: 10.1002/aur.1243 (2012).
31. David, A. S., Wacharasindhu, A. & Lishman, W. A. Severe psychiatric disturbance and abnormalities of the corpus callosum: review
and case series. Journal of neurology, neurosurgery, and psychiatry 56, 85–93 (1993).
32. Shen, K. & Cowan, C. W. Guidance molecules in synapse formation and plasticity. Cold Spring Harb Perspect Biol 2, a001842
(2010).
33. Vanderhaeghen, P. & Cheng, H. J. Guidance molecules in axon pruning and cell death. Cold Spring Harb Perspect Biol 2, a001859
(2010).
34. Waimey, K. E. & Cheng, H. J. Axon pruning and synaptic development: how are they per-plexin? Neuroscientist 12, 398–409
(2006).
35. Singh, K. K. et al. Developmental axon pruning mediated by BDNF-p75NTR-dependent axon degeneration. Nature neuroscience
11, 649–658, doi: 10.1038/nn.2114 (2008).
36. Low, L. K. & Cheng, H. J. Axon pruning: an essential step underlying the developmental plasticity of neuronal connections.
Philosophical transactions of the Royal Society of London. Series B, Biological sciences 361, 1531–1544, doi: 10.1098/rstb.2006.1883
(2006).
37. Yang, J. et al. Regulation of axon degeneration after injury and in development by the endogenous calpain inhibitor calpastatin.
Neuron 80, 1175–1189, doi: 10.1016/j.neuron.2013.08.034 (2013).
38. Dimitriadou, E. cclust: Convex Clustering Methods and Clustering Indexes, R package version 0.6–20, https://cran.r-project.org/
package=cclust (2015).
39. Bashaw, G. J. & Klein, R. Signaling from axon guidance receptors. Cold Spring Harb Perspect Biol 2, a001941, doi: 10.1101/
cshperspect.a001941 (2010).
40. Korshunova, I. & Mosevitsky, M. Role of the growth-associated protein GAP-43 in NCAM-mediated neurite outgrowth. Adv Exp
Med Biol 663, 169–182, doi: 10.1007/978-1-4419-1170-4_11 (2010).
41. Mizuno, H., Hirano, T. & Tagawa, Y. Evidence for activity-dependent cortical wiring: formation of interhemispheric connections
in neonatal mouse visual cortex requires projection neuron activity. J Neurosci 27, 6760–6770, doi: 10.1523/
JNEUROSCI.1215-07.2007 (2007).
42. Wang, C. L. et al. Activity-dependent development of callosal projections in the somatosensory cortex. J Neurosci 27, 11334–11342,
doi: 10.1523/JNEUROSCI.3380-07.2007 (2007).
43. Hur, E. M. & Zhou, F. Q. GSK3 signalling in neural development. Nat Rev Neurosci 11, 539–551, doi: 10.1038/nrn2870 (2010).

Scientific Reports | 7:45359 | DOI: 10.1038/srep45359

11

www.nature.com/scientificreports/
44. Seira, O. & Del Rio, J. A. Glycogen synthase kinase 3 beta (GSK3beta) at the tip of neuronal development and regeneration. Mol
Neurobiol 49, 931–944, doi: 10.1007/s12035-013-8571-y (2014).
45. Pimenta, A. F. et al. The limbic system-associated membrane protein is an Ig superfamily member that mediates selective neuronal
growth and axon targeting. Neuron 15, 287–297 (1995).
46. Sharma, K. et al. Cell type- and brain region-resolved mouse brain proteome. Nature neuroscience 18, 1819–1831, doi: 10.1038/
nn.4160 (2015).
47. Kasof, G. M., Goyal, L. & White, E. Btf, a novel death-promoting transcriptional repressor that interacts with Bcl-2-related
proteins. Mol Cell Biol 19, 4390–4404 (1999).
48. Lamy, L. et al. Control of autophagic cell death by caspase-10 in multiple myeloma. Cancer Cell 23, 435–449, doi: 10.1016/j.
ccr.2013.02.017 (2013).
49. Hutchins, B. I., Li, L. & Kalil, K. Wnt/calcium signaling mediates axon growth and guidance in the developing corpus callosum.
Dev Neurobiol 71, 269–283, doi: 10.1002/dneu.20846 (2011).
50. Leite, S. C. et al. The Actin-Binding Protein alpha-Adducin Is Required for Maintaining Axon Diameter. Cell Rep 15, 490–498, doi:
10.1016/j.celrep.2016.03.047 (2016).
51. Matsuoka, Y., Li, X. & Bennett, V. Adducin: structure, function and regulation. Cell Mol Life Sci 57, 884–895, doi: 10.1007/
PL00000731 (2000).
52. Fromer, M. et al. De novo mutations in schizophrenia implicate synaptic networks. Nature 506, 179–184, doi: 10.1038/nature12929
(2014).
53. Purcell, S. M. et al. A polygenic burden of rare disruptive mutations in schizophrenia. Nature 506, 185–190, doi: 10.1038/
nature12975 (2014).
54. Gilabert-Juan, J. et al. Semaphorin and plexin gene expression is altered in the prefrontal cortex of schizophrenia patients with and
without auditory hallucinations. Psychiatry research 229, 850–857, doi: 10.1016/j.psychres.2015.07.074 (2015).
55. Hummer, T. A. et al. Characterization of white matter abnormalities in early-stage schizophrenia. Early Interv Psychiatry, doi:
10.1111/eip.12359 (2016).
56. Zhuo, C., Liu, M., Wang, L., Tian, H. & Tang, J. Diffusion Tensor MR Imaging Evaluation of Callosal Abnormalities in
Schizophrenia: A Meta-Analysis. PLoS One 11, e0161406, doi: 10.1371/journal.pone.0161406 (2016).
57. Arnedo, J. et al. Decomposition of brain diffusion imaging data uncovers latent schizophrenias with distinct patterns of white
matter anisotropy. Neuroimage 120, 43–54, doi: 10.1016/j.neuroimage.2015.06.083 (2015).
58. Belyk, M., Kraft, S. J. & Brown, S., Pediatric Imaging, N. & Genetics, S. PlexinA polymorphisms mediate the developmental
trajectory of human corpus callosum microstructure. J Hum Genet 60, 147–150, doi: 10.1038/jhg.2014.107 (2015).
59. Wong, A. W. et al. CIITA-regulated plexin-A1 affects T-cell-dendritic cell interactions. Nat Immunol 4, 891–898, doi: 10.1038/
ni960 (2003).
60. Shimizu, M., Murakami, Y., Suto, F. & Fujisawa, H. Determination of cell adhesion sites of neuropilin-1. J Cell Biol 148, 1283–1293
(2000).
61. Dennis, G. Jr. et al. DAVID: Database for Annotation, Visualization, and Integrated Discovery. Genome Biol 4, P3 (2003).
62. Huang da, W., Sherman, B. T.& Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat Protoc 4, 44–57, doi: 10.1038/nprot.2008.211 (2009).
63. Vincze, A., Mazlo, M., Seress, L., Komoly, S. & Abraham, H. A correlative light and electron microscopic study of postnatal
myelination in the murine corpus callosum. Int J Dev Neurosci 26, 575–584, doi: 10.1016/j.ijdevneu.2008.05.003 (2008).
64. Cerghet, M., Skoff, R. P., Swamydas, M. & Bessert, D. Sexual dimorphism in the white matter of rodents. J Neurol Sci 286, 76–80,
doi: 10.1016/j.jns.2009.06.039 (2009).
65. Richards, L. J., Plachez, C. & Ren, T. Mechanisms regulating the development of the corpus callosum and its agenesis in mouse and
human. Clin Genet 66, 276–289, doi: 10.1111/j.1399-0004.2004.00354.x (2004).
66. Booth, R., Wallace, G. L. & Happe, F. Connectivity and the corpus callosum in autism spectrum conditions: insights from
comparison of autism and callosal agenesis. Prog Brain Res 189, 303–317, doi: 10.1016/B978-0-444-53884-0.00031-2 (2011).
67. Lau, Y. C. et al. Autism traits in individuals with agenesis of the corpus callosum. J Autism Dev Disord 43, 1106–1118, doi: 10.1007/
s10803-012-1653-2 (2013).
68. Panicker, A. K., Buhusi, M., Thelen, K. & Maness, P. F. Cellular signalling mechanisms of neural cell adhesion molecules. Front
Biosci 8, d900–911 (2003).
69. Stumpel, C. & Vos, Y. J. In GeneReviews(R) (eds R. A. Pagon et al.) (1993).
70. Aligianis, I. A. et al. Mutations of the catalytic subunit of RAB3GAP cause Warburg Micro syndrome. Nat Genet 37, 221–223, doi:
10.1038/ng1517 (2005).
71. Bruno, D. L. et al. Further molecular and clinical delineation of co-locating 17p13.3 microdeletions and microduplications that
show distinctive phenotypes. J Med Genet 47, 299–311, doi: 10.1136/jmg.2009.069906 (2010).
72. Nagamani, S. C. et al. Microdeletions including YWHAE in the Miller-Dieker syndrome region on chromosome 17p13.3 result in
facial dysmorphisms, growth restriction, and cognitive impairment. J Med Genet 46, 825–833, doi: 10.1136/jmg.2009.067637
(2009).
73. Jezela-Stanek, A. et al. Malan syndrome (Sotos syndrome 2) in two patients with 19p13.2 deletion encompassing NFIX gene and
novel NFIX sequence variant. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 160, 161–167, doi: 10.5507/bp.2016.006
(2016).
74. Klaassens, M. et al. Malan syndrome: Sotos-like overgrowth with de novo NFIX sequence variants and deletions in six new patients
and a review of the literature. Eur J Hum Genet 23, 610–615, doi: 10.1038/ejhg.2014.162 (2015).
75. Malan, V. et al. Distinct effects of allelic NFIX mutations on nonsense-mediated mRNA decay engender either a Sotos-like or a
Marshall-Smith syndrome. Am J Hum Genet 87, 189–198, doi: 10.1016/j.ajhg.2010.07.001 (2010).
76. Shaw, A. C. et al. Phenotype and natural history in Marshall-Smith syndrome. Am J Med Genet A 152A, 2714–2726, doi: 10.1002/
ajmg.a.33709 (2010).
77. Graham, J. M. Jr. et al. Clinical and behavioral characteristics in FG syndrome. Am J Med Genet 85, 470–475 (1999).
78. Unger, S. et al. Filamin A mutation is one cause of FG syndrome. Am J Med Genet A 143A, 1876–1879, doi: 10.1002/ajmg.a.31751
(2007).
79. Bourgeron, T. et al. Mutation of the fumarase gene in two siblings with progressive encephalopathy and fumarase deficiency. J Clin
Invest 93, 2514–2518, doi: 10.1172/JCI117261 (1994).
80. Kerrigan, J. F., Aleck, K. A., Tarby, T. J., Bird, C. R. & Heidenreich, R. A. Fumaric aciduria: clinical and imaging features. Ann Neurol
47, 583–588 (2000).
81. Petrova-Benedict, R., Robinson, B. H., Stacey, T. E., Mistry, J. & Chalmers, R. A. Deficient fumarase activity in an infant with
fumaricacidemia and its distribution between the different forms of the enzyme seen on isoelectric focusing. Am J Hum Genet 40,
257–266 (1987).
82. Patel, K. P., O’Brien, T. W., Subramony, S. H., Shuster, J. & Stacpoole, P. W. The spectrum of pyruvate dehydrogenase complex
deficiency: clinical, biochemical and genetic features in 371 patients. Mol Genet Metab 106, 385–394 (2012).
83. Chen, X., Sullivan, D. S. & Huffaker, T. C. Two yeast genes with similarity to TCP-1 are required for microtubule and actin function
in vivo. Proc Natl Acad Sci USA 91, 9111–9115 (1994).

Scientific Reports | 7:45359 | DOI: 10.1038/srep45359

12

www.nature.com/scientificreports/
84. Gao, Y., Thomas, J. O., Chow, R. L., Lee, G. H. & Cowan, N. J. A cytoplasmic chaperonin that catalyzes beta-actin folding. Cell 69,
1043–1050 (1992).
85. Vinh, D. B. & Drubin, D. G. A yeast TCP-1-like protein is required for actin function in vivo. Proc Natl Acad Sci USA 91, 9116–9120
(1994).
86. He, F., Krans, A., Freibaum, B. D., Taylor, J. P. & Todd, P. K. TDP-43 suppresses CGG repeat-induced neurotoxicity through
interactions with HnRNP A2/B1. Hum Mol Genet 23, 5036–5051, doi: 10.1093/hmg/ddu216 (2014).
87. Kim, H. J. et al. Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS. Nature
495, 467–473, doi: 10.1038/nature11922 (2013).
88. Ramaswami, M., Taylor, J. P. & Parker, R. Altered ribostasis: RNA-protein granules in degenerative disorders. Cell 154, 727–736,
doi: 10.1016/j.cell.2013.07.038 (2013).
89. Renoux, A. J. & Todd, P. K. Neurodegeneration the RNA way. Prog Neurobiol 97, 173–189, doi: 10.1016/j.pneurobio.2011.10.006
(2012).
90. Chio, A. et al. Neuroimaging in amyotrophic lateral sclerosis: insights into structural and functional changes. Lancet Neurol 13,
1228–1240, doi: 10.1016/S1474-4422(14)70167-X (2014).
91. Foerster, B. R., Welsh, R. C. & Feldman, E. L. 25 years of neuroimaging in amyotrophic lateral sclerosis. Nat Rev Neurol 9, 513–524,
doi: 10.1038/nrneurol.2013.153 (2013).
92. DiMauro, S. & Schon, E. A. Mitochondrial respiratory-chain diseases. N Engl J Med 348, 2656–2668, doi: 10.1056/NEJMra022567
(2003).
93. Ardekani, B. A., Bachman, A. H., Figarsky, K. & Sidtis, J. J. Corpus callosum shape changes in early Alzheimer’s disease: an MRI
study using the OASIS brain database. Brain Struct Funct 219, 343–352, doi: 10.1007/s00429-013-0503-0 (2014).
94. Crawford, H. E. et al. Corpus callosal atrophy in premanifest and early Huntington’s disease. J Huntingtons Dis 2, 517–526, doi:
10.3233/JHD-130077 (2013).
95. Hampel, H. et al. Corpus callosum atrophy is a possible indicator of region- and cell type-specific neuronal degeneration in
Alzheimer disease: a magnetic resonance imaging analysis. Arch Neurol 55, 193–198 (1998).
96. Phillips, O. et al. Tractography of the corpus callosum in Huntington’s disease. PLoS One 8, e73280, doi: 10.1371/journal.
pone.0073280 (2013).
97. Fu, X., Brown, K. J., Rayavarapu, S., Nagaraju, K. & Liu, J. S. The use of proteomic analysis to study trafficking defects in axons.
Methods Cell Biol 131, 151–162, doi: 10.1016/bs.mcb.2015.06.009 (2016).
98. Kruger, M. et al. SILAC mouse for quantitative proteomics uncovers kindlin-3 as an essential factor for red blood cell function. Cell
134, 353–364, doi: 10.1016/j.cell.2008.05.033 (2008).
99. Rayavarapu, S. et al. Identification of disease specific pathways using in vivo SILAC proteomics in dystrophin deficient mdx mouse.
Mol Cell Proteomics 12, 1061–1073, doi: 10.1074/mcp.M112.023127 (2013).
100. Howe, E. A., Sinha, R., Schlauch, D. & Quackenbush, J. RNA-Seq analysis in MeV. Bioinformatics 27, 3209–3210, doi: 10.1093/
bioinformatics/btr490 (2011).
101. Hashimoto-Torii, K. et al. Differential activities of Sonic hedgehog mediated by Gli transcription factors define distinct neuronal
subtypes in the dorsal thalamus. Mechanisms of development 120, 1097–1111 (2003).
102. Torii, M., Hashimoto-Torii, K., Levitt, P. & Rakic, P. Integration of neuronal clones in the radial cortical columns by EphA and
ephrin-A signalling. Nature 461, 524–528 (2009).
103. Torii, M. & Levitt, P. Dissociation of corticothalamic and thalamocortical axon targeting by an EphA7-mediated mechanism.
Neuron 48, 563–575 (2005).
104. Vizcaino, J. A. et al. 2016 update of the PRIDE database and its related tools. Nucleic Acids Res 44, D447–456, doi: 10.1093/nar/
gkv1145 (2016).

Acknowledgements

We thank Kristy J. Brown, Aswini Panigrahi, Esha Jain and Amy Bhatt for technical assistance, Yutaka Yoshida for
a gift of the PlxnA1 mouse line, and Jenny P.Y. Ting for a gift of PlxnA1 shRNA and control shRNA constructs.
This work was supported by Scott-Gentle Foundation, the Kavli Institute for Neuroscience at Yale (M.T. and
K.H-T.), Avery Translational Research Career Development Program Award (M.T.), National Institute of Health
(R00AA01838705, R01AA025215), ABMRF/The Foundation for Alcohol Research (K.H-T.), Brain & Behavior
Research Foundation (M.T., K.H-T. and J.S.L.), Whitehall Foundation (J.S.L.), Grant-in-Aid for Scientific
Research (C) form Japan Society fort the Promotion of Science (F.S.). This project was also supported by Award
Number UL1TR000075 from the NIH National Center for Advancing Translational Sciences (M.T. and K. H-T.),
and by Award Number 1U54HD090257-01 from the NIH, District of Columbia Intellectual and Developmental
Disabilities Research Center Award (DC-IDDRC) program. Its contents are solely the responsibility of the authors
and do not necessarily represent the official views of the National Center for Advancing Translational Sciences or
the National Institutes of Health.

Author Contributions

A.I.S. designed and performed experiments, and co-wrote the manuscript. X.F. and F.S. performed experiments.
K.H.-T. designed and performed bioinformatics analysis. J.S.L. provided input on experiments and edited the
manuscript. M.T. designed and performed analysis, and wrote the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Son, A. I. et al. Proteome dynamics during postnatal mouse corpus callosum
development. Sci. Rep. 7, 45359; doi: 10.1038/srep45359 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports | 7:45359 | DOI: 10.1038/srep45359

13

www.nature.com/scientificreports/
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2017

Scientific Reports | 7:45359 | DOI: 10.1038/srep45359

14

